Nonexhibition of Bragg phenomenon by chevronic sculptured thin films: experiment and theory,"
Introduction
The reflection of X rays of a specific wavelength incident on a crystal from a specific direction is intensely peaked in specific directions that are characteristic of the structural periodicity of the arrangement of atoms in the crystal. A simple relationship describing this phenomenon is attributed to the Bragg father-son duo. 1, 2 The underlying mathematical treatment deriving from a rigorous application of the frequency-domain Maxwell equations was provided by Ewald. 3 The Bragg phenomenon is exhibited also by a periodically nonhomogeneous material, albeit at optical and lower frequencies. [4] [5] [6] Plane waves incident from any direction in a certain sector of the full solid angle are highly reflected by a half space occupied by a periodically nonhomogeneous material, provided that the free-space wavelength lies in a certain spectral regime, thereby indicating the formation of partial bandgaps. If high reflectance occurs for all directions in a certain spectral regime, a full bandgap is said to be exhibited. Periodically nonhomogeneous materials have been commonly called photonic crystals for the last three decades.
The optical response characteristics of one-dimensional photonic crystals in the form of periodic multilayers were investigated in the late 19th century. 7 Often called Bragg mirrors or distributed Bragg reflectors presently, these structures are fabricated by a variety of thin-film techniques. [8] [9] [10] [11] The number N of periods must be sufficiently high for the Bragg phenomenon to be exhibited well enough for most applications.
When a Bragg mirror comprises only isotropic dielectric materials, its performance is independent of the polarization state of normally incident light. For obliquely incident light, the center wavelengths of the high-reflectance bands-called Bragg regimes-do not depend on the polarization state of the incident light, but the reflectance does.
When a Bragg mirror comprises anisotropic dielectric materials, the exhibition of the Bragg phenomenon can be polarization dependent even for normally incident light. 8, 12 The simplest anisotropic dielectric material is uniaxial, 13 as exemplified by minerals such as calcite, tourmaline, and rutile. 14 Columnar thin films (CTFs) fabricated using a variety of physical vapor deposition (PVD) techniques 8, 9, 15 are also anisotropic dielectric materials that are used in polarization-discriminatory Bragg mirrors. 8, 11 The unit cell of the simplest Bragg mirror comprises two homogeneous layers of dissimilar materials. The relative permittivity dyadics 13 of the two materials must differ in their eigenvalues and/or eigenvectors. But those differences may not be sufficient for the Bragg phenomenon to be exhibited, as has been exemplified by Slepyan and Maksimenko for the following case. 16 Let a Bragg mirror occupy the region 0 < z < NP, where N ≫ 1, P ¼ 2L is the period of the unit cell, and L is the thickness of each of the two layers in the unit cell. Furthermore, let the relative permittivity dyadics of the materials in the two layers be denoted by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 1 1 6 ; 5 5 6
where the dyadic E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 1 1 6 ; 4 9 7
contains the eigenvalues ε a and ε b common to both ̳ ε 1 and ̳ ε 2 , ̳ I ¼û xûx þû yûy þû zûz is the identity dyadic, the dyadic E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 1 1 6 ; 4 4 6
indicates a rotation by an angle ξ about the y-axis in the xz-plane, and the superscript T denotes the transpose. Equations (1) and (2) indicate that the chosen Bragg mirror comprises two uniaxial dielectric materials that are identical except that the optical axis of the first material is oriented at an angle χ ∈ ½0; π∕2Þ with respect to the þx-axis, and the optical axis of the second material is oriented at an angle π − χ with respect to the þx-axis. The optical axes of both materials lie wholly in the xz-plane. Provided that the wave vector of the incident light is also wholly confined to the xz-plane, theory shows that no reflection or transmission can occur at the interface of the two materials, 16, 17 which implies the absence of the Bragg phenomenon. 16 We decided to experimentally verify the theoretical finding of Slepyan and Maksimenko. 16 For that purpose, we fabricated a Bragg mirror made of N ¼ 10 unit cells. As this fabrication was accomplished using thermal evaporation, 9, 15 a PVD technique, each layer was a CTF with 8, 12 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 1 1 6 ; 2 8 1
instead of Eq. (2). Thus, both layers in the unit cell contained a biaxial dielectric material with ε a ≠ ε b ≠ ε c . In each unit cell, the nanocolumns of the first CTF are oriented at an angle χ and nanocolumns of the second CTF are oriented at an angle π − χ with respect to the interface of the two CTFs. As the unit cell thus has a chevronic morphology, the Bragg mirror can be classified as a chevronic sculptured thin film (ChevSTF). 15 Furthermore, we performed optical characterization experiments with the wave vector of the incident plane wave oriented arbitrarily with respect to the xz-plane. Thus, our experimental study was more general than the theoretical investigation of Slepyan and Maksimenko. 16 We also carried out a theoretical exercise with Eq. (4) in order to qualitatively validate our experimental findings. The plan of this paper is as follows: Sec. 2 describes the experimental and theoretical techniques that we adopted to investigate the optical response characteristics of ChevSTFs, whose unit cell comprises two CTFs described by Eqs. (1) and (4) . Section 3 presents our experimentally obtained optical data, which are qualitatively compared with the results of our theoretical exercise. Finally, Sec. 4 provides concluding remarks. An expð−iωtÞ time-dependence is implicit, with ω as the angular frequency, i ¼ ffiffiffiffiffiffi −1 p , and t as time. The free-space wavenumber, the free-space wavelength, and the intrinsic impedance of free space are denoted by
, respectively, with μ 0 and ε 0 being the permeability and permittivity of free space.
; z > NP:
The reflection amplitudes r s and r p , as well as the transmission amplitudes t s and t p , have to be determined in terms of the incidence amplitudes a s and a p in order to find the reflection and transmission coefficients that appear as the elements of the 2 × 2 matrixes in the following relations:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 1 1 6 ; 2 1 2 r s r p ¼ r ss r sp r ps r pp a s a p ; t s t p ¼ t ss t sp t ps t pp a s a p :
Copolarized coefficients have both subscripts identical, but cross-polarized coefficients do not. The square of the magnitude of a reflection or transmission coefficient is the corresponding reflectance or transmittance; thus, R sp ¼ jr sp j 2 is the reflectance corresponding to the reflection coefficient r sp , and so on. The principle of conservation of energy mandates the constraints R ss þ R ps þ T ss þ T ps ≤ 1 and R pp þ R sp þ T pp þ T sp ≤ 1, the inequalities turning to equalities only in the absence of dissipation in the region 0 < z < NP.
Theory
More generally than is needed for a ChevSTF, let us use E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 0 ; 1 1 6 ; 7 0 4
for a periodic multilayer, whose unit cell comprises two different CTFs. Furthermore, let L 1 and L 2 ¼ P − L 1 be the two layer thicknesses. After defining the phasors E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 1 ; 1 1 6 ; 6 2 2 eðzÞ ¼ Eðx; y; zÞ exp½−ik 0 ðx cos ψ þ y sin ψÞ sin θ inc hðzÞ ¼ Hðx; y; zÞ exp½−ik 0 ðx cos ψ þ y sin ψÞ sin θ inc ;
we find that wave propagation in the two CTFs is governed by the 4 × 4-matrix ordinary differential equations 15 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 2 ; 1 1 6 ; 5 5 3
where the column 4-vector E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 3 ; 1 1 6 ; 4 9 4 ½fðzÞ ¼ ½û x · eðzÞ;û y · eðzÞ;û x · hðzÞ;û y · hðzÞ T ; (13) and the 4 × 4 matrix E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 4 ; 1 1 6 ; 4 5 5 
Accordingly, E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 5 ; 1 1 6 ; 1 6 3 ½fðNPÞ ¼ ½M½fð0Þ ;
where the 4 × 4 matrix E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 6 ; 1 1 6 ; 1 2 5
Continuity requirements on the tangential components of the electric and magnetic fields across the interfaces z ¼ 0 and z ¼ NP give rise to 15 Vepachedu, McAtee, and Lakhtakia: Nonexhibition of Bragg phenomenon by chevronic sculptured. . . 
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where the 4 × 4 matrix E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 8 ; 1 1 6 ; 6 6 4
The solution of Eq. (17) λ Br
cos θ inc ; m ∈ f1;2; 3; : : : g;
for s-polarized incidence. Likewise, the center wavelength λ Br 0 pm of the Bragg regime of order m is predicted to be 8, 18 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 0 ; 1 1 6 ; 4 6 9 λ Br
for p-polarized incidence, where E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 1 ; 1 1 6 ; 4 1 6 ε d n ¼ ε a n ε b n ðε a n cos 2 χ n þ ε b n sin 2 χ n Þ −1 ; n ∈ f1;2g:
Equations (19) and (20) are predicated on the assumption that the constitutive scalars ε a n , etc., are frequency independent; otherwise, both equations transform from explicit to implicit equations for the determination of the center wavelengths. One can increase or decrease the pitch by changing L 1 or L 2 accordingly, thereby increasing or decreasing the center wavelength of the Bragg phenomenon.
Experimental Methods

Fabrication of periodic multilayers comprising columnar thin films
Each periodic multilayer was fabricated using thermal evaporation 19 implemented inside a lowpressure chamber from Torr International (New Windsor, New York). It contains a quartz crystal monitor (QCM) calibrated to measure the growing thin-film's thickness, a receptacle to hold the material to be evaporated, electrodes to resistively heat the receptacle, and a substrate holder positioned about 15 cm above the receptacle. As the chamber was customized to grow sculptured thin films, 15 it contains two stepper motors to control the rotation of the substrate holder about two mutually orthogonal axes. 99.995% pure ZnSe (Alfa Aesar, Ward Hill, Massachusetts) was the material of choice due to its high bulk index of refraction and low absorption in the visible spectral regime, 20, 21 as well as its ease of evaporation. The manufacturer supplied ZnSe lumps that were crushed into a fine powder. A respirator was worn to avoid the toxic effects of ZnSe on the respiratory system. 22 Approximately 4.2 g of ZnSe powder was packed into a tungsten boat (S22-.005W, R. D. Mathis, Long Beach, California) that served as the receptacle.
A precleaned glass substrate (48300-0025, VWR, Radnor, Pennsylvania) was further cleaned in an ethanol bath using an ultrasonicator for 10 min on each side. After removal from the bath, the substrate was immediately dried with pressurized nitrogen gas. A straight line was lightly marked on the substrate to serve as the x-axis. The substrate was secured to the substrate holder using Kapton tape (S-14532, Uline, Pleasant Prairie, Wisconsin), and a shutter was interposed between the receptacle and the substrate holder. By the side of the glass substrate, a silicon wafer was positioned in order to grow a sample for imaging on a scanning electron microscope.
The chamber was pumped down to 1 μTorr. The current was then slowly increased to ∼100 A, and the shutter was rotated to allow a collimated portion of the ZnSe vapor to reach the substrate and the wafer. The deposition rate as read through the QCM was manually maintained equal to 0.4 AE 0.02 nm s −1 . After the deposition was completed, the shutter was rotated to prevent further deposition, the current was brought back to 0 A, the chamber was allowed to cool down for 60 min, and was then exposed to the atmosphere.
Each periodic multilayer was chosen to contain N ¼ 10 unit cells. This required fabrication to be done in two stages, with 5 unit cells deposited in each stage. By keeping the substrate stationary for 387 s for the deposition of each CTF, the value of P was targeted to be 310 nm. The substrate was rotated by 180 deg about a central normal axis passing through it for 0.406 s between the depositions of any two consecutive CTFs. The collimated vapor was directed at an angle χ v 1 ∈ ð0 deg; 90 deg with respect to the plane of the substrate to deposit the first CTF in each period, the corresponding angle being χ v 2 ∈ ð0 deg; 90 deg for the second CTF in each period.
Two samples were fabricated:
• Sample A: We chose χ v 1 ¼ 20 deg and χ v 2 ¼ 70 deg, so that Eq. (10) would hold in a way that would allow the exhibition of the Bragg phenomenon. In consequence of
Eqs. (1) and (4) hold, and we also expected that L 1 ¼ L 2 ideally. Thus, sample B should be a ChevSTF.
Our choices of χ v 1 and χ v 2 for samples A and B were guided by the measured relative permittivity dyadics of CTFs of three different materials. 8, 23 The QCM tooling factors were 184 for sample A and 273 for sample B. The tooling factor for sample A is the equivalent tooling factor for a CTF with columns deposited with a weighted average of χ v 1 ¼ 20 deg and χ v 1 ¼ 70 deg. Otherwise, the tooling factor and current would have needed adjustment several times during deposition, which would have been difficult to manage.
Optical characterization
Transmittance and reflectance measurements for both samples A and B were made no more than 24 h after fabrication. Each sample was kept in a desiccator up until the time of characterization in order to prevent degradation due to moisture adsorption. The experimental setups for reflection and transmission measurements are described in detail elsewhere. 24 Briefly, light from a halogen source (HL-2000, Ocean Optics, Dunedin, Florida) was passed through a fiber-optic cable and then through a linear polarizer (GT10, ThorLabs, Newton, New Jersey); it was either reflected from or transmitted through the sample to be characterized and was then passed through a second linear polarizer (GT10, ThorLabs) and a fiberoptic cable to a CCD spectrometer (HRS-BD1-025, Mightex Systems, Pleasanton, California). The transmittances T ss , T ps , T pp , and T sp were measured for θ inc ∈ ½0 deg; 70 deg and ψ ∈ f0 deg; 90 degg, and the reflectances R ss , R ps , R pp , and R sp for θ inc ∈ ½10 deg; 70 deg and ψ ∈ f0 deg; 90 degg.
All data were taken in a dark room to avoid noise from external sources. First, the detector measured the intensity I dark when the incident light was switched off, no sample was present, and both polarizers had been removed. Then, the intensity I s or I p was measured by the detector with no sample present, the first polarizer set to make the incident light either s or p polarized, and the second polarizer set to pass light of the same linear polarization state. Then, the sample was inserted, the second polarizer was set to make the detected light either s or p polarized, and the intensityĨ s orĨ p was recorded. In this way, the measured value of T sp was T sp ¼Ĩ s − I dark I p − I dark ; (22) and similarly for the other seven reflectances and transmittances. These measurements were made for λ 0 ∈ ½500;900 nm.
Morphological characterization
The cross-sectional morphologies of both samples A and B were characterized using an FEI Nova ™ NanoSEM 630 (FEI, Hillsboro, Oregon) field-emission scanning electron microscope.
To get a clear image of morphology away from any edge-growth effects, each sample was cleaved using the freeze-fracture technique. This technique is delicate enough to preserve biological samples. 25 All samples were sputtered with iridium using a Quorum Emitech © K575X (Quorum Technologies, Ashford, Kent, United Kingdom) sputter coater before imaging. 
Results and Discussion
Morphology
Theoretical Results
Experimental data on the relative permittivity dyadics of CTFs fabricated by evaporating ZnSe are unavailable, but the data on the relative permittivity dyadics of CTFs fabricated by evaporation of TiO 2 are available. 23 The bulk refractive index of ZnSe is 2.5435 at λ 0 ¼ 700 nm, 27 whereas that of TiO 2 is 2.5512 at the same wavelength. 28 The closeness of the two bulk refractive indexes allowed us to substitute ZnSe by TiO 2 for theoretical calculations that can be qualitatively compared with the experimental results.
For χ v 1 ¼ 20 deg, data derived from optical-characterization experiments on CTFs of TiO 2 at λ 0 ¼ 633 nm 23 are as follows: 
Bragg mirror
In order to present the characteristic features of the Bragg phenomenon, let us begin with the spectrums of all eight remittances calculated for the Bragg mirror comprising TiO 2 CTFs with χ v 1 ¼ 20 deg, χ v 2 ¼ 70 deg, L 1 ¼ 77.5 nm, and L 2 ¼ 232.5 nm (corresponding to sample A). These remittances are presented as functions of λ 0 ∈ ½400;1000 nm and θ inc ∈ ½0 deg; 90 degÞ in Fig. 2 for ψ ¼ 0 deg and in Fig. 3 for ψ ¼ 90 deg. For all calculations, we set N ¼ 30 in order to ensure that the Bragg phenomenon is manifested well. 11, 29 Evidence of the Bragg phenomenon of order m ∈ f2;3g is easy to find in Fig. 2 . This becomes clear on comparison with the predictions λ Br 19) and (20), evidence of the Bragg phenomenon of order m ¼ 1 is absent from Fig. 2 . This is not surprising because the plots in this figure were drawn for only λ 0 ∈ ½400;1000 nm. By direct computation, we have verified the existence of high-reflectance bands in the plots of R ss and R pp , as well as of low-transmittance bands in the plots of T ss and T pp , that signify the existence of the Bragg phenomenon for m ¼ 1.
Although no convenient formula is available to predict the center wavelengths for ψ ∈ ð0 deg; 180 degÞ, comparison of Figs. 2 and 3 suffices to convince that the latter also provides evidence of the Bragg phenomenon of order m ∈ f2;3g. The spectral characteristics of the high-reflectance bands in the plots of R ss and R pp in Fig. 3 are the same as in Fig. 2 . We found similar characteristics for several values of ψ ∈ = f0 deg; 90 degg (data not presented here).
Chevronic sculptured thin film
Next, let us present the spectrums of all eight remittances calculated for a ChevSTF comprising 19) and (20) for θ inc ¼ ψ ¼ 0 deg, we have verified by direct calculation that the Bragg phenomenon of order m ∈ f1;3g is also not manifested for the chosen ChevSTF. This is evident from the plot of R pp in Fig. 5 for λ 0 ∈ ½400;1200 nm and θ inc ∈ ½0 deg; 90 degÞ.
For ψ ¼ 90 deg, the situation changes somewhat. In Fig. 6 , the Bragg phenomenon of order m ¼ 2 is present in the plots of R ss , R pp , T ss , and T pp . But this existence is vestigial at best, as it is evident in very narrow spectral regimes-that too, only for θ inc ≳ 40 deg. The same characteristic holds true for the Bragg phenomenon of order m ∈ f3;4; 5g, as exemplified by Fig. 7 .
The situation is somewhat different for the Bragg phenomenon of order m ¼ 1. High-reflectance bands exist in the plots of R ps and R ss for θ inc ≳ 20 deg, indicating that reflection is accompanied by a rotation of the vibration ellipse by angles close to AE85 deg. In other words, the Bragg phenomenon is accompanied by significant polarization conversion but even that is not manifested for normal and near-normal incidences.
The foregoing conclusions from the examination of computed data can be explained through Eqs. (14) and (16) . For normal incidence, the matrix ½Pðξ; ε a ; ε b ; ε c Þ simplifies to yield 
Then, both CTFs in the unit cell of a ChevSTF are electromagnetically identical, and the structural periodicity of the ChevSTF does not translate into electromagnetic periodicity. Accordingly, the Bragg phenomenon cannot be exhibited for θ inc ¼ 0 deg. As θ inc increases, first the second term and then the third and fourth terms on the right side of Eq. (14) become increasingly consequential. Therefore, ½Pðχ; ε a ; ε b ; ε c Þ begins to differ from ½Pðπ − χ; ε a ; ε b ; ε c Þ, but the difference 
stems only from the second term on the right side of Eq. (14) . Hence, the Bragg phenomenon would be very weakly exhibited for near-normal incidence. For more appreciable exhibition, θ inc would have to exceed some threshold value that depends not only on the values of ε a;b;c and χ but also of ψ. Equation (14) also indicates that polarization conversion is not possible when sin ψ ¼ 0. 15 
Experimental Results
Bragg mirror
Chevronic sculptured thin film
Finally, we present the spectrums of all eight remittances measured for sample B, which is a ChevSTF. Figure 10 shows these remittances as functions of λ 0 ∈ ½500;900 nm and θ inc ≤ 70 deg when ψ ¼ 0 deg, and Fig. 11 for ψ ¼ 90 deg. Consistently with the theoretical predictions shown in Figs. 4 and 5, no evidence of the Bragg phenomenon exists for ψ ¼ 0 deg in Fig. 8 . Even the vestigial Bragg phenomenon of order m ¼ 2 predicted in Figs. 6 and 7 for highly oblique incidence and ψ ¼ 90 deg is absent in Fig. 11 . We could not measure 
Concluding Remarks
The unit cell of a ChevSTF comprises two identical CTFs except that the nanocolumns of the first are oriented at an angle χ and nanocolumns of the second are oriented at an angle π − χ with respect to the interface of the two CTFs. A CTF can be modeled as a homogeneous biaxial dielectric material for optical purposes. 8 Thus, a ChevSTF is a structurally periodic piecewise nonhomogeneous material.
Despite its structural periodicity, we determined that a ChevSTF does not exhibit the Bragg phenomenon when the wave vector of the incident plane wave lies wholly in the plane formed by the axes of the nanocolumns of the two CTFs (i.e., when ψ ¼ 0 deg). This conclusion was established both theoretically and experimentally, regardless of the polarization state of the incident plane wave. Theory indicated a vestigial manifestation of the Bragg phenomenon for highly oblique incidence when the wave vector of the incident plane wave is oriented at an angle ψ ∈ ð0 deg; 180 degÞ with respect to the plane formed by the axes of the nanocolumns of the two CTFs. Over the limited ranges of the free-space wavelength and the angle of incidence θ inc of our apparatus, we did not observe even that vestigial manifestation. Thus, we conclude that the Bragg phenomenon would not be observed if structural periodicity does not lead to appreciable electromagnetic periodicity.
